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FTIR spectra are reported of CO adsorbed on sil ica-supported copper catalysts prepared from copper(i1) acetate 
monohydrate. Fully oxidised catalyst gave bands due to CO on CuO, isolated Cu2+ cations on silica and anion 
vacancy sites in CuO. The highly dispersed CuO aggregated on reduction to metal particles which gave bands 
due to adsorbed CO characteristic of both low-index exposed planes and stepped sites on high-index planes. 
Partial surface oxidation with N,O or H,O generated Cu' adsorption sites which were slowly reduced to Cu" by 
CO at 300 K. Surface carbonate initially formed from CO was also slowly depleted with time with the. generation 
of CO,. The results are consistent with adsorbed carbonate being an intermediate in the water-gas shift reaction 
of H,O and CO to H, and CO,. 
The water-gas shift (WGS) reaction 
CO + H 2 0  + CO, + H, 
is performed industrially over a copper/zinc oxide/alumina 
catalyst. Despite considerable research, there is still much 
dispute as to the reaction mechanism, and the nature of the 
active sites involved. Opinion is firmly divided between a 
'formate intermediate' mechanism'-6 and a 'surface redox' 
me~hanis rn .~- '~  In addition the role of zinc oxide in the 
WGS catalyst is still unclear. Some authors have put forward 
the view that synergy exists between copper and zinc 
while others state that the zinc oxide is merely a 
structural promoter for the WGS reaction.I3 
The present study of a silica-supported copper catalyst 
using infrared spectroscopy was aimed at identifying 
adsorbed species which might be present on Cu during the 
WGS reaction. 
Previous studies of Cu/Si02 catalysts have been numer- 
0 ~ s . ~ ~ ~ ~  However, there is little agreement between authors, 
owing to the varied preparation procedures used, and the 
relative merits and drawbacks of each. Use of a copper 
nitrate precursor has been shown to produce on reduction in 
hydrogen a surface nitride species which may block CO 
adsorption.20 Ion-exchange catalysts have the advantage of 
producing a higher dispersion of copper on the silica, but 
careful preparation of the catalyst is necessary.21 
A novel silica-supported copper oxide catalyst prepared by 
impregnating silica with an aqueous solution of copper(r1) 
acetate monohydrate, has been This catalyst 
was shown to have a far greater catalytic activity for the oxi- 
dation of CO with N,O than one prepared by the ion- 
exchange method.23 The structures of these two uncalcined 
catalysts were shown to be radically different. Whereas two- 
thirds of the copper atoms had a binuclear structure in the 
copper(rr) acetate monohydrate/silica catalyst, almost all the 
copper atoms in the ion-exchange catalyst had a highly dis- 
persed mononuclear structure. As a result the forms of the 
calcined catalysts were completely different.22.23.27 On the 
calcined catalyst derived from copper(1r) acetate mono- 
hydrate, the structure consisted of a low-dimensional chain 
composed of CuO parallelogram units. In contrast the cal- 
cined ion-exchange catalyst contained only imperfect micro- 
crystalline C U O . ~ ~  
Although infrared spectroscopy was used in previous 
s t ~ d i e s , ~ ~ . ~ ~  detailed characterisation of adsorbed species was 
not carried out. This paper reports an infrared study of CO 
adsorption on copper in various states of oxidation sup- 
ported on silica and prepared from copper(I1) acetate mono- 
hydrate precursor. 
Experimental 
Copper catalyst precursor was prepared by impregnating 
silica (Cab-0-Sil M5, 200 m2 g-') with an aqueous solution 
of copper(1r) acetate monohydrate (BDH, AnalaR grade) and 
subsequent drying in air at 110°C for 5 h. Self-supporting 
discs were formed by pressing ca. 80 mg of catalyst between 
two 25 mm diameter polished steel dies, at ca. 2 MPa. 
Infrared spectra were recorded using a Perkin-Elmer 
model 1720X FTIR spectrometer, coupled to a Perkin-Elmer 
series 7700 Professional Computer. The vacuum line could 
achieve pressures of c c u .  Pa and was linked to an 
infrared cell which allowed easy manipulation of the disc 
between the furnace and optical sections and was fitted with 
fluorite windows. 
Following calcination in oxygen (50 cm3 min-') at 623 K 
for 1 h, the catalyst was then reduced (at 623 K for 18 h in 
hydrogen (B.O.C., 99.995%) which had previously been 
passed through a deoxo unit (Anco Gas Engineering Ltd.), 
and a molecular sieve in order to remove any oxygen and 
water impurities. The reduced catalyst which contained 5 
wt.% copper on silica was then evacuated at 623 K for 1 h in 
order to desorb any hydrogen or water species present. Reox- 
idation of the catalyst to a surface Cu,O species, was carried 
out using cu. 13 kPa of N 2 0  (B.D.H., 99.6%) at 348 K for 15 
min, with subsequent evacuation at 348 K for 5 min. Carbon 
monoxide (99.997%) was supplied by Matheson Gas Pro- 
ducts and used directly from the cylinder without further 
purification. Triply distilled water was further purified by a 
series of freeze-thaw cycles under vacuum to remove dis- 
solved gases. 
Results and Discussion 
Adsorption of CO on the Calcined Catalyst 
Fig. 1 shows the spectra obtained upon dosing CO at 
increasing pressures on a calcined catalyst (CuO/SiO,) at 300 
K. The main band at 2125 cm-' is ascribed to CO adsorp- 
tion on C U O . ' ~ - ' ~ * ~ ~  Additionally this band will contain a 
contribution from the gas-phase spectrum of CO which 
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Fig. 1 Spectral changes induced by the addition of CO to calcined 
catalyst at pressures of (a) 13, (b) 40, (c) 67, (d) 133, (e) 933 Pa and (f) 
3.1, (9) 5.7, (h) 8.7 and (i) 12.7 kPa 
shows maxima at 2125 cm-' and 2170 cm-', the latter 
clearly being observed as the pressure of CO was increased. 
Weakly held species which were completely desorbed by 
evacuation at 300 K gave bands at 2198 cm-' and 2147(sh) 
cm- '. The consensus of current opinion attributes the peak 
at 2198 cm-' to adsorption of CO on isolated Cu2+ ions 
incorporated in the silica ~ u r f a c e . ' ~ * ' ~  This is in agreement 
with the conclusion of Kakuta et u E . ~ ~  that the copper(I1) 
acetate monohydrate complex is anchored to the OH groups 
of silica. However, the band at 2147 cm-' is not as readily 
assigned. Lokhov et aL3' tentatively ascribed a peak at 2148 
cm- ' to CO adsorption on an anionic vacancy on the surface 
of an 'ideal' block of CuO. Here (Fig. 1) the peak at 2125 
cm- ' is unsymmetrical, and exhibits a significant absorption 
tail in the region below 2115 cm-'. Partial reduction of the 
sample may have occurred when the oxygen was evacuated 
from the system, following calcination. Hence some Cu" and 
Cu+ species would have been present giving credence to the 
idea of Lokhov et aL3' that CO could be adsorbed on defect 
sites in the CuO surface. Significantly no evidence for 
carbonate-type species was apparent in the present spectra, in 
contrast to results for ion-exchange-type catalysts,' and 
catalysts prepared by impregnation of silica with a copper(@ 
nitrate prec~rsor.~'  The one-dimensional structure of the 
CuO/Si02 prepared from copper(I1) acetate monohydrate 
precursor apparently does not favour the formation of car- 
bonates from CO adsorption. 
Adsorption of CO on the Reduced Catalyst 
Fig. 2 shows the spectra obtained upon dosing CO at increas- 
ing pressures on a fully reduced catalyst (Cu/SiO,). On addi- 
tion of 1 Pa of CO a peak at 2114 cm-' appeared together 
with a very weak shoulder at ca. 2095 cm-' [Fig. 2(a)]. 
-0.10L I I 
2200 2100 2000 
waven u m ber/cm - ' 
Fig. 2 Spectral changes induced by the addition of CO to reduced 
catalyst at pressures of (a) 1, (b) 3, (c) 4, (d) 5, (e) 7 Pa, and (f) 0.47, (9) 
1.1, (h) 4.3 and (i) 13 kPa 
Pritchard et aL3' observed a band at 2110 cm-' for CO 
adsorption on a stepped (111) surface of a Cu (755) crystal. 
The band at 2114 cm-' could therefore be ascribed to linear 
CO adsorption on a similar stepped surface on a high-index 
plane of copper. The shoulder at 2095 cm-' corresponds to 
bands seen on Cu(755) and Cu(ll0) single crystals, at 2098 
and 2093 cm-', respectively. When the pressure of CO was 
increased to 7 Pa [Fig. 2(e)] the main band shifted to 2104 
cm- ' and a shoulder had appeared at 2068 cm- '. Pritchard 
et aL3' reported bands at 2102 cm-' for Cu (311) and 2100 
cm-' for Cu (211) close to the present maximum at 2104 
cm- ' which could also contain contributions from bands at 
2114 and 2098 cm-'. The shoulder at 2068 cm-' is lower 
than any band observed in the study of copper single crys- 
t a l ~ . ~  ' However, most single-crystal experiments are carried 
out at 77 K, and recent evidence shows that band positions 
at 77 K differ from those at 300 K.32 Increasing the tem- 
perature caused the linear CO band on Cu (100) to shift from 
2086 to 2071 cm-'. Chesters et ~ 1 . ~ ~  established the presence 
of a peak at 2071 cm-' for CO on Cu (111) at 77 K. In light 
of recent evidence,32 this band may shift to lower frequency 
at 300 K. Therefore the band at 2068 cm-' can be assigned 
to linear CO adsorption on exposed Cu(ll1) and Cu(100) 
planes. 
When the pressure was increased to 13 kPa the main peak 
moved to 2099 cm-', and the shoulder at low frequency 
shifted to 2063 cm-' [Fig. 2(i)]. The general shift in band 
positions with increasing CO pressure was therefore towards 
lower wavenumbers. A broad band at 2170 cm-' and a 
shoulder at ca. 2125 cm-' were due to the contribution of 
gas-phase CO. In contrast to ion-exchange catalysts, which 
gave a band at 2175 cm-' in the presence of adsorbed CO," 
no isolated Cu' species were present in the reduced catalyst. 
Instead the isolated Cu" species have aggregated to form 
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metal particles upon reduction, as evidenced by De Jong et 
a1.19 
Adsorption of CO on a Re-oxidised Catalyst 
Re-oxidation using N,O 
Nitrous oxide decomposition on a copper metal surface 
according to the equation 
N,O(g) + 2Cu -+ NJg) + (Cu-0-Cu) 
is routinely used to evaluate copper surface area in cata- 
l y s t ~ . ~ ~  Nitrous oxide treatment has here been utilised to 
obtain a catalyst in which the surface was wholly oxidised to 
copper(1) oxide (Cu,O/SiO,). 
Fig. 3 and 4 display the spectra resulting from a time- 
dependence study of CO adsorption on Cu,O/SiO, . Initially 
24 kPa of CO at 300 K was allowed to contact the catalyst 
surface. In the CO stretching region [Fig. 3(a)] a peak at 
2118 cm-' appeared, and according to Kohler et a!.'' may 
be ascribed to CO adsorbed on small Cu,O clusters. This 
band shows an appreciable absorption tail below 2100 cm- ', 
implying that partial reduction of the surface to Cu" had 
already taken place. As the exposure time increased a band at 
2100 cm-' became more pronounced [Fig. 3(bHf)] and the 
intensity of the peak at 21 18 cm-' decreased. The latter effect 
is clarified by the difference spectra in Fig. 3(g)-(k) which 
show that subsequent to the first minute of exposure [Fig. 
3(a)] the growth of a band at 2095 cm-' was accompanied 
by the loss of a maximum at 2124 cm-'. These results indi- 
cate that slow reduction of Cu' to Cu" was occurring in the 
presence of CO at 300 K. Experiments in which increasing 
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pressures of CO were adsorbed on Cu,O/SiO, showed that 
for low pressures the initial maximum was at 2125 cm-' but 
this shifted to a final value of 2115 cm-' on elevation of the 
CO pressure. These results imply that the Cu,O/SiO, surface 
is heterogeneous, and therefore the 2125 cm-' peak may be 
associated with CO on a high-index plane of C U , ~ .  
Reduced catalyst treated with N 2 0  showed the growth of 
bands at 1495, 1410 (sh) and 1395 cm-' after subsequent 
exposure to CO [Fig. 41. Similar bands exist in the infrared 
spectrum of malachite [CU,CO,(OH),].~~ These bands can 
therefore be attributed to the v3 vibrations of polydentate 
carbonate structures, resembling a surface malachite-type 
species which may be represented by structure I. 
cu  
All three bands were gradually reduced in intensity with time 
in parallel to the production of CO,(g) and physisorbed CO, 
on silica as characterised by the concomitant growth of 
bands at 2359 and 2343 cm-' with a low-wavenumber tail 
[Fig. 41. Furthermore, correlation of the absorbance for the 
band at 1395 cm-' against the band at 2359 cm-' displays a 
linear relationship indicating that the CO, produced is 
formed from the polydentate carbonate intermediate. 
Reoxidation using H,O 
Chinchen et al.* demonstrated that polycrystalline copper 
0.16 
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2 2 4 0  2200 2100 2000 
wavenumber/cm -' 
Spectra of reduced catalyst after partial oxidation with N,O and exposure to CO for (a) 1, (b) 11, (c) 21, ( d )  41, (e) 61 and ( f )  81 min. Fig. 3 
( g H k )  Spectra (bHf) minus spectrum (a). Spectra (aHf) are staggered for clarity 
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Fig. 4 (aHf) Same as for Fig. 3(aHf) 
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Fig. 5 Spectra of reduced catalyst after partial oxidation with H,O and exposure to CO for (a) 1, (b)  7, (c) 16, ( d )  31, (e) 81 and ( f )  121 rnin 
could be oxidised with steam at 346 K according to the reac- 
tion 
of water, and is part of the reverse WGS mechanism. Com- 
pilation of the results for CO adsorbed on surfaces oxidised 
by either N,O or H,O is consistent with an explanation of 
the WGS reaction in terms of a ‘surface redox’ mecha- 
niSm.’-’ 
H,O G= H,(g) + O(ads) 
H,O(g) + H,(g) + O(ads) 
Consequently a reduced catalyst (Cu/SiO,) was exposed to 
0.4 kPa of H,O at 393 K for 15 min, and subsequently evac- 
uated at 393 K for 10 min. 
Fig. 5 shows the spectra obtained for a time-dependence 
study of CO adsorption (21.3 kPa, 300 K) on the-oxidised 
catalyst. The results were closely similar to those for the cata- 
lyst which had been partially oxidised with N,O (Fig. 3, 4) 
except for the extra peak at 1630 cm- (Fig. 5) which is due 
to molecular water. Reaction of residual hydrogen on the 
catalyst surface with adsorbed oxygen causes the formation 
with an intermediate resembling a ‘surface malachite-type’ 
structure (I) pivotal to the reaction. In accordance with the 
present proposals Waller et ~ 1 . ~ ~  found that the activities of 
catalysts used in the WGS and methanol synthesis reactions 
could be directly related to the amount of malachite present 
in the precursor solutions. No bands attributable to formate 
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were observed in this study, adding further weight to the 
argument against the WGS reaction proceeding through a 
‘formate intermediate’ mechanism.’-6 
Kinnaird et d . j 7  used radiolabelling of CO to show that 
the amount of CO ‘strongly’ adsorbed on Cu in 
Cu/ZnO/Al,O, , was proportional to the surface oxygen 
coverage. The formation of a polydentate carbonate species, 
as proposed here, would explain this phenomenon precisely. 
We thank the Catalysis Research Centre, ICI Chemicals and 
Polymers for collaboration through the CASE scheme and 
the SERC for a studentship. 
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